This study was carried out to evaluate the potential of Nostoc piscinale TISTR 8401 in the biodegradation of used motor oil. Experiments were performed by incubating cyanobacteria in liquid Nfree medium amended with 0-15% used motor oil for a period of 14 weeks. It was found that the cyanobacteria performed the best in the biodegradation of used motor oil when 3% oil was applied. Net percentage loss of total petroleum hydrocarbons was 21%. Biomass and total proteins dramatically increased by 0.0457 g (682.09%), and 170.97 mg/ml, respectively. However, chlorophyll a content dropped by 3.609 µg/ml (36.57%).
INTRODUCTION
Nowadays, used motor oil is becoming one of the major environmental problems due to an increase in the consumption of petroleum hydrocarbon products (Mandri and Lin, 2007) . Large amounts of motor oil, composing long-chain saturated hydrocarbons (base oil) and additives, are used in motorcycle and car engines (Bagherzadeh-Namazi et al., 2008) . In Thailand, thousand million gallons of waste motor oil is generated annually from mechanical workshops and discharged carelessly into the environment (Naladta and Milintawisamai, 2011) , out of which only one liter is enough to contaminate one million gallons of freshwater (USEPA, 1996) . Apart from this, used motor oil renders the environment unsightly and constitutes a potential threat to humans, animals and vegetation (ATSDR, 1997; Edewor et al., 2004) . Several components of the oil, for example, solvents and detergents added during the blending process, aliphatic hydrocarbon and PAHs distilled from crude oil, and metals from engine wear, either are toxic themselves or can combine with products of combustion to generate carcinogens and endocrine *Corresponding author. E-mail: sumbun@kku.ac.th. Tel: + 66 (0)4334 2908. Fax: +66 (0)4336 4169. disrupters, (USEPA, 1996; ATSDR, 1997) .
A number of innovative physical and chemical technologies, for example, soil washing, vapor extraction, encapsulation and solidification/stabilization, are available to remediate hydrocarbon-contaminated environments. However, these methods are expensive and may only be partly effective. In addition, public pressures may restrict the field utilization of such intensive techniques (Dominguez-Rosado and Pichtel, 2004) . Since the discovery of microbial mats inhabiting polluted sites (Abed et al., 2002) and developing remarkably fast after oil spill incidents, for example, after the Gulf War in 1991, indicating a possible role for such bacterial communities in the clean up of pollutants (Hoffmann, 1996; Höpner et al., 1996) , microbial remediation of oilpolluted sites has attracted worldwide attention and numerous research studies concerning microbial remediation of contaminated sites have been carried out in recent times. Plohl and Leskovšek (2002) reported that an unidentified bacterial strain AL-12, isolated from native catchments in Štajerska and Prekmurje, degraded alkanes from n-C15 to n-C40 present in the fresh motor oil in a quantity of 98% and up to 70% of n-alkanes n-C15-n-C22, up to 45% of n-C22-n-C30 and up to 20% of n-C30-n-C40 were degraded within five days of incubation. Bagherzadeh-Namazi et al. (2008) evaluated the efficiency of hydrocarbon removal by mixed and single cultures of Pseudomonas sp., Arthrobacter sp. and Mycobacterium sp. and found out that the mixed culture #1 degraded 66% of aliphatic compounds and the mixed culture #5 removed 47% of aromatic compounds during 60 days of incubation. Naladta et al. (2011) isolated bacteria capable of effectively degrading motor oil from motorcycle-fixed shops in Khonkaen province, Thailand and discovered that the four effective used motor oil degrading bacterial isolates which are L1, A5/1, I1 and C4 could degrade used motor oil at 29.56±2.31, 28.21±0.79, 27.13±1.85 and 27.09±1.00%, respectively, during seven days of incubation with 1% used motor oil. Mandri and Lin (2007) reported that Flavobacterium sp., Acinetobacterium calcoaceticum and Pseudomonas aeruginosa isolated from soils contaminated with oils in Kwazulu-Natal, South Africa, were capable of utilizing used engine oil as a carbon source, out of which A. calcoaceticum was able to utilize 80 and 90% of used engine oil, respectively, under a laboratory conditions at 30ºC and 160 rpm with Bushnell-Hass media in a fourweek period. Adelowo et al. (2006) found that Pseudomonas fragi and Achromobacter aerogenes isolated from used engine oil polluted soils in Ogbomoso, Nigeria, utilized 73.3 and 80.0% of the oil with a degradation rate of 0.073 and 0.08 ml/day, respectively. It is evident that bioremediation has become an alternative way to remedy oil-polluted sites, where specific microorganisms, for example, bacteria, cyanobacteria, algae, fungi or protozoa, are added or enhancement of microorganisms is already present (Hagwell et al., 1992) . The present study reports on the biodegradation potential of the cyanobacterial strain Nostoc piscinale TISTR 8401 in the biodegradation of used motor oil.
MATERIALS AND METHODS

Chemicals
Used motor oil was obtained from the garages in Muaeng district, Khonkaen province, Thailand. Solvents were purchased from Lab-Scan, Gliwice, Poland.
Organisms and medium
The cyanobacterial strain Nostoc piscinale TISTR 8401 was obtained from a culture collection (MIRCEN part unit) of Thailand Institute of Scientific and Technological Research (TISTR), Thailand. The cyanobacterial strain was maintained in 50 ml Nitrogen-free (N-free) medium (Allen and Arnon, 1955) in a 250 ml Erlenmeyer flask, and incubated at 28±1ºC on a rotary shaker (120 rpm) in the light with light intensity of 3,000 lux for 2 weeks before use. The N-free medium contained (mg L -1 ): NaCl (70.0); MgSO4 7H 2O (380.0); CaCl2 (80.0); K2HPO4 (600.0); Fe2(SO4)3 6H 2O (10.0); Titriplex III (27.0); H3BO3 (3.0); MnSO4 4H 2O (2.0); NaMoO4 2H 2O (8.0); ZnSO4 7H 2O (0.3); CuSO4 5H 2O (0.08); CoCl2 (0.02). The pH of the N-free medium was adjusted to 7.5 with 1 N HCl or 1 N NaOH prior to sterilization by autoclaving at 121ºC for 20 min. The N-free medium was used in the present study because the species N. piscinale is a heterocystforming cyanobacterium capable of converting atmospheric nitrogen (N2) into ammonia (NH3), nitrites (NO3 -) or nitrates (NO3 -) through nitrogen fixation (Steinberg and Meeks, 1991) ; therefore, the chemicals that provides available nitrogen source could be discarded.
Biodegradation study
Test, negative control and sterile control flasks were prepared using 250 ml Erlenmeyer flasks containing 25 ml N-free medium amended with 0, 3. 6, 9, 12 and 15% used motor oil. Test flasks received 0.25 g fresh weight of cyanobacteria whereas sterile flasks were added with 0.25 g of sterilized cyanobacteria. All cultures were incubated at 28±1ºC on a rotary shaker (120 rpm) with light intensity of 3,000 lux for 14 weeks.
Before sampling, each flask was shaken vigorously to ensure mixing. The residues of used motor oil in each culture were determined on week 14. All experiments were performed in triplicate.
Laboratory analysis
Hydrocarbon content
The residues of used motor oil were determined in terms of total petroleum hydrocarbons (TPHs). TPHs were gravimetrically estimated by toluene cold extraction method of Adesodum and Mbagwu (2008) with a slight modification. To a 25 ml volume of each culture sample contained in a 250 ml flask, 25 ml of toluene (AnaLar grade) was added. After shaking for 30 min on a rotary shaker, the liquid phase of the extract was measured at 420 nm using spectrophotometer. Subsequently TPHs in each sample were estimated with reference to standard curve derived from fresh used motor oil diluted with toluene.
Cyanobacterial growth
The growth of cyanobacteria was determined in terms of biomass and chlorophyll a content. Biomass was quantified by dry weight analysis based on the method described by Chrzanowski et al. (2006) and Mona et al. (2011) with a slight modification. Flasks were withdrawn from a rotary shaker on week 14. Flask content was then centrifuged at 8,000 g for 10 min and supernatant was discarded. Thereafter, the biomass obtained was washed twice with 10 ml of n-hexane to remove used motor oil. The pellet was then oven dried at 80ºC to constant weight.
Chlorophyll a content was determined by spectrophotometry according to the method described by Meeks and Castenholtz (1971) . Chlorophyll a was extracted from the cells with 90% methanol. Absorbance was determined at 665 nm, and the chlorophyll a content was calculated with an extinction coefficient of 12.7 µg  ml -1 .
Protein content
Total protein content was quantified according to Bradford (1976) . Flask content was withdrawn from a rotary shaker at the end of the experiments and centrifuged at 8,000 g for 10 min to obtain biomass. To approximately 0.2-0.3 g of biomass after grinding and transferring into a 50 ml beaker on ice, a mixture of 25 ml of Tris-HCl (pH 7.5) and 0.9% NaCl was added and homogenized for 1 min. During homogenization, the occurrence of heat development was avoided. The homogenized mixture was centrifuged at 10,000 g for 15 min and filtered with a filter paper (Millipore). To 0.1 ml of the mixture after centrifugation, filtration and transferring into a test tube, 5 ml of Bradford reagent containing: Coomassie Brilliant Blue G-250 (300 mg l -1 ); 95% ethanol (ml l -1 ) and 85% H3PO4 (300 ml l -1 ), were added and vortexed for 15 min. The mixture was then measured at 595 nm and total protein content was determined by comparison to the standard curve of bovine serum albumin.
Data analysis
The used motor oil degradation data collected from this study fit well with first-order kinetics: S = S0e -kt , t1/2 = ln2/k, where S0 is the initial substrate concentration, S is the substrate concentration at time t, t is the time period, and k is the degradation rate constant. The percentage of the residues of used motor oil was calculated from the concentration of residual used motor oil divided by the initial concentration of used motor oil. Statistical significance was accepted at p < 0.05. All results were analyzed by One-way ANOVA using the Statistical Package for Social Sciences v17.0 software (SPSS Inc. IL, USA).
RESULTS
Biodegradation of used motor oil
The findings showed the general trend of decreased levels of the biodegradation of used motor oil when concentrations of used motor oil were elevated. Residual TPHs in medium receiving different concentrations of used motor oil are represented in Figure 1 . It was evident that there was a significant reduction of TPHs only in medium receiving 3 and 6% of used motor oil. At the end of 14 weeks, TPHs were reduced by 75.00 and 68.17% observed in medium receiving 3 and 6% of used motor oil, respectively. However, medium receiving 3% of used motor oil showed the maximum biodegradation activity. In medium receiving 9, 12 and 15% of used motor oil, TPHs were insignificantly reduced by 50.89, 46.08 and 37.40%, respectively.
The effectiveness of each treatment was compared by calculating the net percentage loss of used motor oil in medium. The highest net percentage loss was observed in medium receiving 3% of used motor oil with the net percentage loss of 21%, followed by medium receiving 6, 9, 12 and 15% of used motor oil, respectively, as shown in Table 1 .
First-order kinetics and half-life
First-order kinetics model of Yeung et al. (1997) was used to determine the rate of biodegradation of used motor oil in the five treatments. Table 2 shows the biodegradation constant (k) and half-life (t 1/2 ) for the different treatments on week 14. At the end of 14 weeks, the strain N. piscinale exhibited the maximum biodegradation rate of 0.0141 day -1 and half-life of 49.16 days in medium receiving 3% of used motor oil. This finding suggested that the optimal concentration of used moor Pimda and Bunnag 2369 oil for the maximum biodegradation rate was 3%.
Cyanobacterial growth
The growth of N. piscinale in liquid N-free medium amended with varied concentrations of used motor oil is shown in Figures 2 and 3 . It was found that the cyanobacterium N. piscinale was able to withstand the toxicity of used motor oil in a wide range (0-15%), exhibiting a dramatic increase in biomass throughout the study period. Biomass significantly increased to 0.0524, 0.0383, 0.0331, 0.0234 and 0.0220 g when exposed to 3, 6, 9, 12 and 15% used motor oil, respectively (Figure 2) . Interestingly, the findings revealed that there was a decrease in chlorophyll a content when all concentrations of used motor oil were applied. The chlorophyll a contents dropped by 7.36, 5.28, 6.25, 7.92 and 9.59 µg ml -1 in 3, 6, 9, 12 and 15% used motor oil, respectively, compared to control (Figure 3) .
Protein content
The level of total protein was estimated with reference to the standard curve of BSA. Based on the findings, the levels of total protein of N. piscinale dramatically increased to 246.58, 239.50 and 237.69 mg/ml when exposed to 3, 6 and 9% used motor oil, respectively (Figure 4) .
However, the protein levels apparently dropped to 23.22 and 5.08 mg/ml when subjected to 12 and 15% used motor oil, respectively (Figure 4) . It was possible that the strain N. piscinale might be able to deal with low concentration of used motor oil by producing more proteins, but failed to response to high concentrations of used motor oil.
DISCUSSION
The results showed that the stain N. piscinale potentially biodegraded used motor oil at low concentrations. In contrast, high concentrations of used motor oil were toxic to N. piscinale, thus leading to cell death or preventing biodegradative activity. In the present study, the results suggested that low concentrations of used motor oil were preferable for the maximum biodegradation activity of N. piscinale over a period of 14 weeks. Many studies reported different conditions for the maximum biodegradation of used motor oil by different microorganisms. The strain A. calcoaceticum isolated from motor oilcontaminated soil in ENGEN, Amanzimtoti, South Africa showed 84% degradation of 5% used motor oil over a period of 4 weeks (Mandri and Lin, 2007) . The two isolates P. fragi and A. aerogenes isolated from motor oilcontaminated soil collected from mechanical workshops in Ogbomoso, Nigeria were capable of utilizing 73.3 and 80.0% of the oil when 15% of motor oil was applied over a period of 20 days (Adelowo et al., 2006) . Reduction of used motor oil was determined in terms of TPHs in this study rather than individual petroleum hydrocarbons because it is highly variable and has altered structure due to combustion process (Tauscher, 1988; Adesodun and Mbagwu, 2008) .
A decrease in chlorophyll a content was likely to be resulted from the toxicity of used motor oil that inhibited several cell metabolisms, including photosynthesis, thus resulting in a reduction of chlorophyll a content. However, in the case of 3% used motor oil, reduction of chlorophyll a content may not be resulted from the toxicity of used motor oil, but an abundant carbon source as a source of energy from used motor oil; therefore, cyanobacteria assimilated the carbon source but did not perform usual photosynthesis, thus leading to a decrease in chlorophyll a content.
In summary, the remediation method adopted in this study is simple, inexpensive and non-laborious. The Week 0 Week 14 biodegradation rate and half-life parameters obtained from the study demonstrated that concentrations of used motor oil are crucial to the success in the bioremediation of used motor oil. For further studies, optimal conditions for the biodegradation of used motor oil should be carried out. As reported in many studies, concentrations of used motor oil, pH, wet weight of cyanobacteria and temperatures are considered as important factors for the success in the biodegradation of used motor oil.
